Dendritic cells (DCs) are crucial immune sensors residing in lymphoid organs and peripheral tissues that regulate adaptive immune responses. Although numerous DC subsets have been identified, the mechanisms that control their diversity remain unclear. DCs arise from hematopoietic stem cells via multipotent progenitor subsets, including common DC progenitors (CDPs) localized in bone marrow (BM). [1] [2] [3] [4] CDPs differentiate into plasmacytoid DCs (pDCs) or mature to pre-DCs, which disperse to lymphoid organs or peripheral tissues and develop into conventional DC (cDC) populations, including the lymphoid organresident CD8␣ ϩ , CD4 ϩ , and CD4 Ϫ CD8␣ Ϫ DC subsets, and migratory or tissue-resident CD103 ϩ DCs. 4, 5 Although primarily found in nonlymphoid tissues, CD103 ϩ DCs are also detectable within lymph nodes (LNs), which reflects the fact that they migrate from tissues to LNs after activation. The pDCs, found in bone marrow, blood, and lymphoid organs secrete abundant quantities of type I IFNs after activation via Toll-like receptors (TLRs) and regulate antiviral immunity and immune tolerance. 6 By contrast, lymphoid organ-and tissue-resident cDCs are adept at phagocytosis, antigen presentation, and stimulating adaptive immune responses. 4 In particular, CD103 ϩ DCs and CD8␣ ϩ DCs have garnered attention because of their ability to cross-present exogenous antigens and activate cytotoxic CD8 ϩ T cells, an important facet of antiviral and antitumor immunity. 5, 7, 8 The cytokines GM-CSF and Flt3 ligand (Flt3L) mediate homeostatic and demand-driven DC development. 4, 9 In DC progenitors, GM-CSF activates the signal transducer STAT5 and Flt3L stimulates STAT3. 10,11 GM-CSF and STAT5 inhibit Flt3L-dependent pDC maturation by repressing Irf8, 10 a transcription factor necessary for pDC differentiation. 12 GM-CSF also drives cDC generation, including specific regulation of CD103 ϩ DCs in steady state. [13] [14] [15] [16] By contrast, STAT3 controls homeostatic pDC production 10, 11 ; however, the molecular mechanisms involved in these responses remain to be determined. GM-CSF and Flt3L affect the expression of transcription factors with important roles in DC development, including Sfpi1 (PU.1), Tcf4 (E2-2), Irf8, Irf4, and Spib, 10, 11 in DC progenitors. Furthermore, STAT3 overexpression in multipotent BM progenitors induces Sfpi1 and enhances pDC and cDC production. 17 These results suggest that STATs influence DC development by mediating expression of transcription factors that are crucial for DC lineage specification and/or differentiation.
Introduction
Dendritic cells (DCs) are crucial immune sensors residing in lymphoid organs and peripheral tissues that regulate adaptive immune responses. Although numerous DC subsets have been identified, the mechanisms that control their diversity remain unclear. DCs arise from hematopoietic stem cells via multipotent progenitor subsets, including common DC progenitors (CDPs) localized in bone marrow (BM). [1] [2] [3] [4] CDPs differentiate into plasmacytoid DCs (pDCs) or mature to pre-DCs, which disperse to lymphoid organs or peripheral tissues and develop into conventional DC (cDC) populations, including the lymphoid organresident CD8␣ ϩ , CD4 ϩ , and CD4 Ϫ CD8␣ Ϫ DC subsets, and migratory or tissue-resident CD103 ϩ DCs. 4, 5 Although primarily found in nonlymphoid tissues, CD103 ϩ DCs are also detectable within lymph nodes (LNs), which reflects the fact that they migrate from tissues to LNs after activation. The pDCs, found in bone marrow, blood, and lymphoid organs secrete abundant quantities of type I IFNs after activation via Toll-like receptors (TLRs) and regulate antiviral immunity and immune tolerance. 6 By contrast, lymphoid organ-and tissue-resident cDCs are adept at phagocytosis, antigen presentation, and stimulating adaptive immune responses. 4 In particular, CD103 ϩ DCs and CD8␣ ϩ DCs have garnered attention because of their ability to cross-present exogenous antigens and activate cytotoxic CD8 ϩ T cells, an important facet of antiviral and antitumor immunity. 5, 7, 8 The cytokines GM-CSF and Flt3 ligand (Flt3L) mediate homeostatic and demand-driven DC development. 4, 9 In DC progenitors, GM-CSF activates the signal transducer STAT5 and Flt3L stimulates STAT3. 10, 11 GM-CSF and STAT5 inhibit Flt3L-dependent pDC maturation by repressing Irf8, 10 a transcription factor necessary for pDC differentiation. 12 GM-CSF also drives cDC generation, including specific regulation of CD103 ϩ DCs in steady state. [13] [14] [15] [16] By contrast, STAT3 controls homeostatic pDC production 10, 11 ; however, the molecular mechanisms involved in these responses remain to be determined. GM-CSF and Flt3L affect the expression of transcription factors with important roles in DC development, including Sfpi1 (PU.1), Tcf4 (E2-2), Irf8, Irf4, and Spib, 10, 11 in DC progenitors. Furthermore, STAT3 overexpression in multipotent BM progenitors induces Sfpi1 and enhances pDC and cDC production. 17 These results suggest that STATs influence DC development by mediating expression of transcription factors that are crucial for DC lineage specification and/or differentiation.
Members of the inhibitor of DNA binding protein (Id) family also regulate transcription factors that direct hematopoietic lineage specification and commitment. 18 Id proteins antagonize the function of basic helix-loop-helix transcriptional regulators, or E proteins, via their ability to bind E proteins and abrogate association with DNA. 18 Id2 is required for generation of splenic CD8␣ ϩ DCs, tissue-resident CD103 ϩ DCs, and epidermal Langerhans cells. 19, 20 By contrast, Id2 has been implicated as a negative regulator of pDCs. [20] [21] [22] The distinct roles for Id2 suggest that manipulation of its expression level may influence DC progenitor cell fate; however, mechanisms that control Id2 expression during DC development have not been defined.
The E protein E2-2 (Tcf4) is highly expressed in pDCs compared with other DCs; consistently, E2-2 drives pDC development but does not regulate cDCs. 21, 23 Both copies of Tcf4 are required to generate functional pDCs. 23 Enforced expression of E2-2 in human CD34 ϩ CD1a Ϫ thymic progenitors promotes pDC development, suggesting E2-2 can direct pDC lineage specification. 21 E2-2 controls a subset of genes with important roles in pDCs, including Tlr7, Tlr9, and Irf7. 23, 24 Moreover, E2-2 is critical for maintaining pDC cell identity, as conditional Tcf4 ablation in pDCs leads to spontaneous cDC differentiation. 24 These data argue the importance of E2-2 in initiating and sustaining commitment and development of pDCs.
Here we address the mechanisms by which cytokines generate DC subset diversity. Our results show that STAT5 and STAT3 regulate CD103 ϩ DC and pDC development, respectively; this occurs in conjunction with cytokine-responsive and STATdependent Id2 or Tcf4 induction. These data suggest that cytokineactivated STATs influence expression of transcription factors that mediate DC differentiation. 
Methods

Mice and HGT
Purification of DCs and DC progenitors, quantitative PCR, and immunoblotting assays
FACS was used to isolate CDPs and pDCs from BM; CD8␣ ϩ , CD4 ϩ , and CD4 Ϫ CD8␣ Ϫ DCs from spleen; and CD103 ϩ DCs from liver, as described in supplemental Figure 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). CDPs were cultured ex vivo with Flt3L (100 ng/mL) or GM-CSF (50 ng/mL) as indicated. 10 RNA isolation and quantitative PCR were performed as described, 11 using primers listed in supplemental Table 1 . The relative amount of target gene expression was calculated with the equation 1.8 (Rpl13a-GENE) ϫ (100 000) where Rpl13a ϭ average threshold cycle value for Rpl13a mRNA and GENE ϭ average threshold cycle value for the gene of interest, per experiment. Immunoblotting of whole cell lysates was performed with phospho-STAT, total STAT, or C/EBP␤ antibodies (Cell Signaling or Santa Cruz Biotechnology).
Retroviral infection, D2SC/mFlt3 cells, and reporter assays
D2SC/1 cells expressing murine Flt3 (D2SC/mFlt3) were generated by retroviral infection with a bicistronic vector (pCLXSN) encoding red fluorescent protein (RFP) and murine Flt3, followed by purification of RFP ϩ Flt3 ϩ cells by FACS. The Id2 and Tcf4 proximal promoter regions were identified from the Ensembl database. Transcription factor binding sites were predicted by analysis with AliBaba and TF Search software programs. Reporter plasmids contained the Id2 (Ϫ2248 to ϩ84) or Tcf4 (Ϫ1026 to ϩ27) proximal promoter sequences inserted 5Ј of luciferase coding sequences in the PGL3 or PGL4.12 vectors, respectively. D2SC/1 or D2SC/mFlt3 cells were transiently transfected with pGL3/Id2 or pGL4.12/ Tcf4 reporter plasmids, phRL-TK-Renilla, and plasmids encoding wild-type (WT) or mutant STAT5A, STAT3, or C/EBP␤ as indicated. 10, 11 Cells were treated with GM-CSF or Flt3L for 2 hours, and luciferase activity was measured by the Dual-Luciferase Reporter Assay System (Promega).
EMSAs and ChIPs
Electrophoretic mobility shift assays (EMSAs) used nuclear extracts from D2SC/1 or D2SC/mFlt3 cells stimulated with or without GM-CSF or Flt3L, as described. 10 STAT ChIPs were performed with a mixture of antibodies for total and phosphorylated STAT5 or STAT3 (Santa Cruz Biotechnology and Cell Signaling), using the ChIP Assay Kit (Upstate Biotechnology) and PCR primers spanning STATx consensus sites in the Id2 or Tcf4 proximal promoter regions. Histone H3 ChIPs used antibodies against total H3, H3K9ac, H3K4me3, or H3K27me3 (Cell Signaling and Abcam), followed by PCR amplification of proximal promoter sequences. Primer sequences are provided in supplemental Table 1 . ChIP amplification products were normalized to 1% total chromatin input or total H3 ChIPs, as indicated in the legends.
Statistical analysis
The 2-tailed t test was performed with GraphPad Prism Version 4 software (www.graphpad.com) to determine statistical significance between groups. Data are presented as mean Ϯ SEM.
Results
STAT5 and STAT3 regulate unique DC subsets
To evaluate mechanisms by which GM-CSF and Flt3L control DC production, we used mice with conditional deletion of genes encoding the major cytokine signal transducers STAT5 or STAT3 within the hematopoietic compartment, mediated by cre expression under control of the Tie2 promoter (referred to as hematopoietic-Stat5 ⌬/⌬ and hematopoietic-Stat3 ⌬/⌬ mice, respectively). Hematopoietic-Stat5 ⌬/⌬ mice were viable, with relatively normal amounts of circulating blood cells. We confirmed STAT5 protein depletion in BM, indicating Tie2cre-mediated removal of Stat5a/b is effective and compatible with adult hematopoiesis (supplemental Figure 2) . Similarly, hematopoietic-Stat3 ⌬/⌬ mice showed efficient BM STAT3 depletion. 25 To induce circulating cytokine amounts, we used cytokine-encoding plasmids delivered by HGT. 11 DC subset amounts in mice that received empty HGT vector were indistinguishable from untreated animals (data not shown); therefore, mice that received vector only were used as controls.
In hematopoietic-Stat5 ⌬/⌬ mice, we found comparable amounts of pDCs and CD11b ϩ DCs in the BM, relative to Stat5 ϩ/ϩ animals, after vector delivery (Figure 1 top panels) . In addition, splenic CD8␣ ϩ , CD4 ϩ , and CD4 Ϫ CD8␣ Ϫ DC amounts were similar in vector-treated hematopoietic-Stat5 ⌬/⌬ mice and Stat5 ϩ/ϩ animals, yet splenic pDC numbers were increased ϳ 2-fold in hematopoieticStat5 ⌬/⌬ mice (Figure 1 middle panels) . By contrast, CD103 ϩ DCs were depleted in the liver as well as the peripheral and mesenteric LNs of hematopoietic-Stat5 ⌬/⌬ mice in the absence of cytokine treatment (Figure 1 bottom panels; supplemental Figure 3 ). These results suggest STAT5 is required for CD103 ϩ DC homeostasis yet dispensable for pDCs and other cDC lineages. Indeed, STAT5 appears to have a suppressive role in steady-state pDC accrual in spleen or liver, consistent with our previous report. 10 After GM-CSF induction by HGT, pDC amounts were severely reduced in BM, spleen, and liver in Stat5 ϩ/ϩ animals, whereas this inhibition was partially blocked in hematopoietic-Stat5 ⌬/⌬ mice, in agreement with the negative effect of STAT5 in pDCs (Figure 1 ). 10 GM-CSF enhanced the amount of BM CD11b ϩ DCs, splenic CD8␣ ϩ , and CD4 Ϫ CD8␣ Ϫ DCs, and liver CD103 ϩ DCs. GM-CSFresponsive production of liver CD103 ϩ DCs was inhibited by Stat5 deficiency; splenic CD8␣ ϩ DC induction also depended in part on STAT5, yet accrual of other DCs appeared to be STAT5-independent ( Figure 1 ). Although CD103 is controlled by GM-CSF, 15 and we show this is a STAT5-dependent response, CD103 is detectable on Stat5 ⌬/⌬ cells confirming its suitability as a 4364 LI et al BLOOD, 22 NOVEMBER 2012 ⅐ VOLUME 120, NUMBER 22 For personal use only. on July 21, 2017. by guest www.bloodjournal.org From DC marker in hematopoietic-Stat5 ⌬/⌬ mice (supplemental Figure  4A) . Moreover, to confirm CD103 ϩ DC identity, we also tested expression of the surrogate marker CD24 16 as well as CD11b, an integrin subunit that is low to undetectable on most CD103 ϩ DC populations, yet is inducible by cytokines, such as GM-CSF and G-CSF. 16, 27 We found that liver CD103 ϩ DCs purified from vectoror GM-CSF-treated mice showed similar amounts of CD24 cell surface expression, consistent with their identification (supplemental Figure 4B left panel). 16 In addition, we found that liver CD103 ϩ DCs lack significant CD11b expression in homeostatic conditions, as expected (supplemental Figure 4B right panel). CD11b expression was uniformly induced, however, in CD103 ϩ DCs by GM-CSF HGT in vivo or during ex vivo culture in GM-CSF (supplemental Figure 4B -C). These data suggest that CD103 ϩ DCs are able to acquire CD11b expression in certain conditions, including exposure to GM-CSF. Collectively, our results indicate that STAT5 is uniquely required for the generation of CD103 ϩ DCs in homeostasis or during response to GM-CSF.
In hematopoietic-Stat3 ⌬/⌬ mice, we found that vector-treated animals contained 20%-40% pDC amounts in BM, spleen, and liver compared with Stat3 ϩ/ϩ mice, in agreement with previous work. 11 No apparent differences were found in other DC subsets, including BM CD11b ϩ DCs; splenic CD8␣ ϩ , CD4 ϩ or CD4 Ϫ CD8␣ Ϫ DCs; or liver CD103 ϩ DCs ( Figure 2 ). As expected, Flt3L HGT up-regulated pDCs and cDCs in BM, spleen, and liver. The induction of pDCs and cDCs in BM and spleen was abrogated in hematopoietic-Stat3 ⌬/⌬ mice; however, Flt3L-responsive accumulation of liver CD103 ϩ DCs did not require STAT3 ( Figure 2 ). These results indicate that STAT3 is critical for pDC homeostasis and for Flt3L-dependent pDC and cDC production, with the exception of tissue CD103 ϩ DCs. Taken together, our data suggest that STAT5 and STAT3 have specialized roles in regulating CD103 ϩ DC or pDC populations, respectively.
Analysis of Id2 and Tcf4 expression and proximal promoter regions
The distinct roles for STAT5 and STAT3 were reminiscent of the functions of the HLH regulators Id2 and E2-2, which have been shown previously to control CD103 ϩ DC and pDC production, respectively. [19] [20] [21] [22] [23] These data suggested the potential for STATs to participate in Id2 (Id2) and E2-2 (Tcf4) regulation. To examine this possibility, we inspected 2 kb of sequence 5Ј to the Id2 and Tcf4 transcriptional start sites, which we refer to as the proximal promoter regions, for transcription factor consensus elements. We identified consensus STATx sites as well as putative binding sites for other DC-related transcription factors ( Figure 3A ; supplemental Figure 5 ). We confirmed differential Id2 and Tcf4 expression in CD103 ϩ DCs and pDCs; as expected, Id2 was enriched in liver CD103 ϩ DCs as well as splenic CD8␣ ϩ DCs, whereas Tcf4 mRNA was highly expressed in pDCs ( Figure 3B ). 19 ,20,23 For personal use only. on July 21, 2017. by guest www.bloodjournal.org From
We first evaluated whether the sequences encompassing the putative STAT sites in the Id2 and Tcf4 proximal promoters were accessible in CD103 ϩ DCs and pDCs by examining posttranslational histone H3 modifications associated with gene expression (H3K9ac, H3K4me3) or silencing (H3K27me3) at promoter regions. 28 Because these experiments required significant DC numbers that we were unable to collect without affecting sample integrity from unmanipulated animals, we used liver CD103 ϩ DCs or BM pDCs purified from mice treated by GM-CSF-or Flt3L-HGT, respectively. Investigation of a representative promoter region in each gene suggested that cytokine treatment did not affect H3 modifications significantly in differentiated DCs (supplemental Figure 6A ).
Our analysis of the Id2 promoter showed an overall greater abundance of H3K4me3 in CD103 ϩ DCs versus pDCs, accompanied by modest accumulation at the transcriptional start site in both DC subsets ( Figure 3C ). H3K9ac marks were enhanced across the entire promoter region in CD103 ϩ DCs relative to pDCs, whereas the repressive H3K27me3 mark showed a reduced abundance at the Id2 promoter in CD103 ϩ DCs ( Figure 3C ). The general enhancement of activating marks and decrease in repressive marks on the Id2 promoter in CD103 ϩ DCs agrees with Id2 expression patterns ( Figure 3B) ; however, the relative similarity in H3K27me3 abundance at the transcriptional start site in both lineages prompted us to investigate whether Id2 expression was inducible in pDCs.
Indeed, stimulation of pDCs with the TLR9 agonist CpGA enhanced Id2 expression (supplemental Figure 6B) . These results suggest a degree of accessibility for the Id2 promoter region in pDCs.
The Tcf4 promoter contained an enrichment of H3K9ac and H3K4me3 in the vicinity of the transcriptional start site in both DC subsets, with a modest enhancement of these activating marks in pDCs versus CD103 ϩ DCs ( Figure 3D ). By contrast, H3K27me3 modifications were elevated across the distal portion and transcriptional start site of the Tcf4 promoter region in CD103 ϩ DCs relative to pDCs ( Figure 3D ). These data are consistent with the preferred expression of Tcf4 in pDCs compared with CD103 ϩ DCs. Therefore, the Id2 and Tcf4 promoters display similar patterns of chromatin marks in pDCs and CD103 ϩ DCs, yet the amplitude of activating and repressive modifications is lineage-specific, in line with gene expression.
Id2 gene regulation by GM-CSF and STAT5
We next assessed the potential for STAT involvement in Id2 gene regulation by measuring Id2 mRNA amounts in CDPs purified from hematopoietic-Stat5 ⌬/⌬ or Stat5 ϩ/ϩ animals after GM-CSF induction by HGT or control vector treatment. These experiments showed an ϳ 1.5-fold increase in Id2 mRNA amounts in CDPs from Stat5 ϩ/ϩ mice in response to GM-CSF, relative to Id2 
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LI Figure 4A ). Id2 induction was abrogated in CDPs of hematopoietic-Stat5 ⌬/⌬ animals ( Figure 4A ). Moreover, analysis of Id2 mRNA in ex vivo cultures of DC progenitors suggested that STAT5 controlled the amplitude of Id2 induction on GM-CSF stimulation ( Figure 4B ). By contrast, STAT5 did not appear to regulate Id2 in CDPs in steady-state conditions, as judged by comparison of vector-treated CDPs ( Figure 4A ). Furthermore, STAT3 was dispensable for Id2 induction by GM-CSF (supplemental Figure 7A) . These results suggested a role for STAT5 in GM-CSF-responsive Id2 expression in CDPs.
We then evaluated whether STAT5 was directly involved in GM-CSF-dependent Id2 transcriptional regulation. For these experiments, we used D2SC/1 cells, which show GM-CSF-stimulated STAT5 activation and GM-CSF-dependent up-regulation of Id2 (supplemental Figure 8) . Using reporter assays, we found a role for STAT5 transcriptional function in GM-CSF-responsive Id2 gene induction, as judged by increased Id2 reporter activity on coexpression of WT STAT5A, but not a mutant lacking the C-terminal transactivation domain 29 ( Figure 4C ). EMSAs revealed that GM-CSF-activated STAT5 bound to the distal STATx site in the Id2 promoter ( Figure 4D ). ChIPs demonstrated STAT5 accumulation at the endogenous Id2 promoter on GM-CSF stimulation ( Figure 4E ). These data suggest that STAT5 induces Id2 gene transcription in response to GM-CSF by direct promoter binding.
To evaluate whether STAT5 regulates Id2 promoter accessibility, we surveyed H3 modifications in the vicinity of the Id2 promoter STAT element. These experiments revealed a similar abundance of H3K9ac, a reduction in H3K4me3, and an increase in H3K27me3 amounts in cDCs from hematopoietic-Stat5 ⌬/⌬ mice versus cDCs from Stat5 ϩ/ϩ animals (supplemental Figure 6C) . However, the reduction in H3K4me3 appeared to reflect an overall decrease in H3K4me3 abundance in BM cells from hematopoieticStat5 ⌬/⌬ animals, as judged by ChIPs at candidate gene promoter regions and immunoblot analysis of H3K4me3 amounts in whole cell lysates (supplemental Figure 6E-F) . Thus, our data suggest STAT5 may contribute to global H3K4me3 regulation as well as the abundance of H3K4me3 and H3K27me3 marks on the Id2 promoter.
GM-CSF-responsive Id2 up-regulation in CDPs during ex vivo culture (24-72 hours) was only partially dependent on STAT5 ( Figure 4B ). In addition, we observed Flt3L-responsive induction of Id2 in CDPs, which was regulated independently of STAT3 or STAT5 ( Figure 4F ; supplemental Figure 7A ), suggesting the potential for other pathways to contribute to Id2 induction. C/EBP␤ is a cytokine-responsive factor with a known role in controlling Id2. [30] [31] [32] We found that Flt3L and GM-CSF induced Cebpb mRNA and C/EBP␤ protein amounts in lin Ϫ Flt3 ϩ cells, a BM population containing DC progenitors (Figure 4G-H) . Id2 reporter assays suggested that C/EBP␤ contributes to GM-CSF-and Flt3L-driven (C-D) Liver CD103 ϩ DCs and BM pDCs were purified from mice 7 days after GM-CSF or Flt3L HGT by FACS. Histone H3 modifications at the Id2 and Tcf4 proximal promoters were analyzed by ChIPs using antibodies against H3K9ac, H3K4me3, or H3K27me3; results were normalized to data from ChIPs with total H3 antibody. Normalized data were plotted versus the corresponding predicted ChIP amplification products from the Id2 and Tcf4 2 kb proximal promoter regions, as indicated by the schematic diagrams in the bottom panel, which include the approximate location of putative transcription factor binding sites. Results from CD103 ϩ DCs (E) or pDCs (F) are presented as mean Ϯ SEM of 3 independent experiments for individual modifications, as indicated.
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LI et al BLOOD, 22 NOVEMBER 2012 ⅐ VOLUME 120, NUMBER 22 For personal use only. on July 21, 2017. by guest www.bloodjournal.org From expression of Id2; in the GM-CSF pathway, this appears to be independent of the role for STAT5 (Figure 4I-J) . These results suggest that Id2 is regulated by C/EBP␤ as well as STAT5.
Control of Tcf4 expression by STAT3
We used a similar approach of analyzing gene expression in CDPs to evaluate whether Tcf4, such as Id2, was induced by cytokine treatment through a STAT-dependent mechanism. We found that Tcf4 mRNA was increased ϳ 1.5-fold in CDPs from Stat3 ϩ/ϩ mice on Flt3L treatment, relative to Tcf4 expression in CDPs from HGT vector-treated animals, whereas Flt3L-mediated induction of Tcf4 was abrogated in CDPs of hematopoietic-Stat3 ⌬/⌬ animals ( Figure  5A ). Furthermore, Flt3L stimulated Tcf4 mRNA expression ex vivo in purified Stat3 ϩ/ϩ CDPs, and this induction was completely abolished in Stat3 ⌬/⌬ CDPs ( Figure 5B ). STAT3 appears to be dispensable for steady-state Tcf4 expression ( Figure 5A ). We did not observe GM-CSF-or STAT5-responsive induction of Tcf4 in CDPs; indeed, GM-CSF appeared to suppress Tcf4 mRNA amounts in some experiments (supplemental Figure 7B-C) . Thus, Flt3L stimulates Tcf4 expression by a mechanism dependent on STAT3.
We examined whether STAT3 directly regulates Flt3L-responsive Tcf4 expression using D2SC/1 cells that stably express murine Flt3 (D2SC/mFlt3); these cells demonstrate an intact Flt3 signaling cascade culminating in Tcf4 induction (supplemental Figure 8) . Flt3L stimulated Tcf4 reporter activity in D2SC/mFlt3 cells expressing WT STAT3, but not cells expressing STAT3 mutants defective in DNA binding or transactivation function ( Figure 5C ). In addition, Flt3L induced STAT3 binding to the Tcf4 promoter STATx consensus site in EMSAs, whereas ChIPs demonstrated that STAT3 accumulated at the endogenous Tcf4 promoter on Flt3L stimulation ( Figure 5D -E). Flt3L treatment of D2SC/1 cells, which lack detectable Flt3 expression, failed to activate STAT3 phosphorylation or induce STAT3 binding to the Tcf4 promoter (supplemental Figure 8) . Moreover, STAT3 did not have a major influence on Tcf4 promoter accessibility, as judged by analysis of H3 modifications in pDCs from hematopoietic-Stat3 ⌬/⌬ or Stat3 ϩ/ϩ mice, although STAT3 depletion appeared to affect the total cellular abundance of H3K4me3, leading to enriched H3K4me3 at Tcf4 as well as other gene promoters (supplemental Figure 6) . Collectively, our data suggest that STAT3 directly stimulates Tcf4 transcription in response to Flt3L-Flt3 signaling, whereas distinct molecular cues are responsible for deposition of H3 modifications at the Tcf4 proximal promoter.
Functional roles for Id2 in cytokine-driven DC generation
Previous studies have delineated the importance of Id2 and E2-2 in homeostatic DC development 20, 23 ; however, their roles in cytokinedriven DC production are less well understood. We found that Id2 Ϫ/Ϫ BM generated an increased number of pDCs in response to Flt3L or GM-CSF (Figure 6A ), whereas the number of CD103 ϩ DCs was reduced relative to Id2 ϩ/ϩ controls ( Figure 6B ). As expected, Tcf4 haploinsufficiency impaired Flt3L-driven pDC For personal use only. on July 21, 2017. by guest www.bloodjournal.org From development yet did not affect Flt3L-or GM-CSF-mediated production of CD11c ϩ CD11b ϩ DCs (supplemental Figure 9 ; data not shown). These results indicate that Id2 and E2-2 are integral factors in GM-CSF-and Flt3L-driven DC generation, with Id2 necessary for either cytokine to mediate pDC suppression or to stimulate CD103 ϩ DC production, and E2-2 specifically required for Flt3L-dependent pDC development. Taken together, our results suggest that cytokine-driven DC development involves the induction of Id2 and Tcf4 via STAT-regulated pathways ( Figure 7 ).
Discussion
Cytokines guide the production and diversification of DC subsets, 4 ,9 yet the molecular mechanisms they use are poorly understood. Here we present evidence that GM-CSF and Flt3L stimulate expression of the DC transcriptional regulators Id2 and E2-2 within CDPs via STAT-dependent pathways. STAT5 controls GM-CSFresponsive Id2 induction, whereas STAT3 activates Flt3L-inducible Tcf4 expression. Both STATs operate by binding STATx elements in the Id2 and Tcf4 promoters, indicating a direct mechanism of gene regulation. Correspondingly, GM-CSF promotes STAT5-and Id2-dependent CD103 ϩ DC development, and Flt3L stimulates STAT3-and Tcf4-dependent pDC generation. These results suggest that cytokine signaling via the STATs influences DC lineage differentiation by regulating Id2 and Tcf4 expression.
It is well established that precise expression of particular transcriptional regulators, including Id2 and E2-2, is important in lineage commitment and differentiation in the hematopoietic system. 15, 18, 20, 23, [33] [34] [35] The role for cytokine-responsive STATs, however, appears complex and potentially lineage-specific. In B lymphocyte commitment, STAT5 controls progenitor survival but is not necessary for expression of the lineage-specifying factors E2A and EBF1, or the commitment factor Pax5. 36 By contrast, STATs regulate expression of transcription factors that direct CD4 ϩ T-cell differentiation, including ROR␥t and Foxp3. 37, 38 STAT3 also induces the myeloid-regulator PU.1 in multipotent hematopoietic 
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LI et al BLOOD, 22 NOVEMBER 2012 ⅐ VOLUME 120, NUMBER 22 For personal use only. on July 21, 2017. by guest www.bloodjournal.org From progenitors and associates with regulatory sequences in the 5Ј region of the PU.1 gene. 17, 39 Nonetheless, STATs are likely to be one of many signals that control transcription factor gene expression during immune cell development. For example, the Id2 and Tcf4 promoters contain consensus sites for factors that are involved in early stages of DC development, including GATA-2, IRF8, and PU.1, 12, 40, 41 suggesting Id2 and Tcf4 as potential targets of factors that mediate the divergence of DC progenitors from other hematopoietic lineages. Cytokine-STAT signals may contribute by participating in transcriptional feed-forward or negative feedback loops that direct or sustain DC differentiation.
The Id family members are effective inhibitors of E proteins, with Id2 and Id3 specifically able to abrogate E2-2 binding to target DNA sequences. 18, 42, 43 This agrees with the suppressive role for Id2 in pDCs, 20 which rely on E2-2 for their development and function, 23 and suggests that the ratio of Id2 to E2-2 in DC progenitors may influence pDC versus cDC lineage decisions. This concept is supported by work that showed E2-2 overexpression in human CD34 ϩ progenitors enhanced pDC development. 21 By contrast, increased expression of Id2 in CDPs by GM-CSF-STAT5 may antagonize the E2-2-dependent transcriptional program that leads to pDC differentiation. This idea is consistent with the rapid loss of pDCs from BM, the site of pDC development, during GM-CSF exposure, and the negative role for STAT5 and Id2 in pDC generation. Id2 is also induced by Flt3L and acts to suppress Flt3L-driven pDC production, although Id2 up-regulation in this case appears STAT-independent. Furthermore, because E2-2 is critical for maintaining pDC lineage identity, 24 Id2 induction in differentiated pDCs may affect their phenotype and/or function. Although the reduction in lymphoid organ and tissue pDCs after GM-CSF treatment could be the result of suppressed pDC differentiation in BM coupled with loss of the pDC phenotype in peripheral populations because of Id2 up-regulation, our previous studies indicated that GM-CSF did not affect pDC marker expression, 10 suggesting a major role for GM-CSF in blocking pDC development without effects on the mature pDC phenotype. However, TLR agonist-induced Id2 expression may promote pDC maturation, a process accompanied by acquisition of a phenotype resembling cDCs. 6, 44 The collective evidence therefore suggests that manipulation of Id2 expression by discrete stimuli during development may fine-tune DC progenitor commitment to the pDC lineage as well as pDC functional responses.
Among the cDC lineages, Id2 is critical for homeostatic CD103 ϩ DC and CD8␣ ϩ DC development. 15, 19, 20 Our data suggest the importance of a STAT5-Id2 signaling cascade in regulating CD103 ϩ DCs during GM-CSF exposure. This pathway may also control CD8␣ ϩ DC production in response to GM-CSF, as Stat5 deficiency partially inhibited induction of this subset in spleen. By contrast, in steady state, CD103 ϩ DCs, but not CD8␣ ϩ DCs, are dependent on GM-CSF. 16 Our results demonstrate that CD103 ϩ DCs are also uniquely dependent on STAT5 in homeostatic conditions. This suggests that local GM-CSF cues might regulate steady-state generation of CD103 ϩ DCs by inducing STAT5-Id2-activating signals. 45 Alternatively, CD103 ϩ DCs may be more sensitive than other DC subsets to depletion of STAT5 and Id2. Nonetheless, in either homeostatic or GM-CSF conditions, it is not clear whether Id2 suppresses an E protein with antagonist activity toward CD103 ϩ DC and CD8␣ ϩ DC lineage development, or whether Id2 has other, as yet unidentified, targets. E2-2 can be ruled out as its removal does not appear to affect cDC development in steady state or cytokine-driven conditions (data not shown). 23 Thus, evaluating the expression and function of other E proteins as well as novel Id2-interacting proteins in cDCs should clarify the molecular role of Id2 in CD103 ϩ and CD8␣ ϩ DCs.
Our observation that Flt3L and GM-CSF stimulate Id2 expression is consistent with their function in eliciting cDC production; however, the results were surprising as Flt3L and Id2 have opposing roles in pDCs. 20, 46, 47 Both Flt3L and GM-CSF use C/EBP␤ to induce Id2, whereas GM-CSF also uses STAT5. Parallel activities of C/EBP␤ and STAT5 control expression of Id1 on IL-3 simulation. 48 Moreover, STAT5 mediates cytokine-responsive Id2 expression in memory CD8 ϩ T cells. 49 Thus, STAT5 may enhance Id2 expression and potentially other Id family members in multiple cell types. By contrast, Flt3L uses STAT3 to induce Tcf4 along with simultaneous, yet STAT-independent, induction of Id2. These results suggest that the nature of the cytokine stimulus, and the specific intracellular pathways elicited (eg, GM-CSF-STAT5 or Flt3L-STAT3), affects the amplitude and relative ratio of transcription factors expressed in DC progenitors, with corresponding effects on lineage differentiation.
E2-2 has a unique role in pDCs but not other DC lineages. 23 In homeostatic conditions, we found a similar function for STAT3 in pDCs, whereas generation of lymphoid organ or tissue CD103 ϩ DCs appears to be STAT3-independent (results herein). 11, 50 We define E2-2/Tcf4 as a target of STAT3 in response to Flt3L stimulation. However, Tcf4 mRNA is found at near-normal levels in Stat3 ⌬/⌬ CDPs or pDCs in steady-state conditions, and Stat3 ⌬/⌬ pDCs retain the ability to produce type I IFNs on TLR ligation, 10 a response that has been shown to require E2-2. 23 Furthermore, unlike hematopoietic-Stat3 ⌬/⌬ animals, mice lacking E2-2 exhibit a nearly complete absence of pDCs. 23 These results suggest that E2-2 expression and development of a proportion of the pDC population are STAT3-independent in steady state. Similarly, Id2 mRNA was found at comparable amounts in Stat5 ⌬/⌬ and Stat5 ϩ/ϩ CDPs. Thus, the principal role for STATs may be to control Tcf4 and Id2 in demand conditions driven by cytokine overexpression, or in microenvironments with enhancement of specific cytokines, with consequent effects on DC generation.
The physical interaction of STAT5 and STAT3 with the Id2 and Tcf4 promoters, respectively, suggests a direct mechanism of gene induction. Moreover, because CDPs were isolated on the basis of Flt3 expression and express GM-CSF receptor, it is unlikely that the failure to observe Id2 or Tcf4 induction in Stat5 ⌬/⌬ or Stat3 ⌬/⌬ CDPs is the result of selective loss of a cytokine-responsive population, supporting the idea that STATs directly regulate Id2 and Tcf4. The pattern of H3 modifications at the Id2 and Tcf4 promoter regions in CD103 ϩ DCs and pDCs showed an overall similarity; however, the amplitude of activating and repressive marks appears to be lineage-specific. Furthermore, examination of the proximal promoter region of both genes in Stat ⌬/⌬ DCs suggested that H3 marks were deposited primarily via a STAT-independent manner. Thus, our results suggest that the chromatin architecture at the Tcf4 and Id2 promoters is established during DC development independent of STAT function.
In conclusion, our study revealed functions for STAT5 and STAT3 in regulating Id2 and Tcf4 expression and DC lineage development. Further investigation of STAT-dependent and -independent pathways that influence DC development is of great interest for exploring mechanisms to redirect DC generation and function for therapeutic use in the treatment of cancer or immune disease. 
